Introduction
Organic thin-film transistors (OTFTs) using organic semiconductors have attracted a great deal of interest for use in lightweight, low-cost, large-area and flexible electronic products such as flat-panel displays, sensors, smart cards, and radio-frequency identification (RFID) tags. OTFTs are more compatible with polymeric substrate than conventional silicon-based transistors because they can be fabricated with a low-temperature process. Therefore, OTFTs on polymeric substrates have been developed to construct organic integrated circuits, [1] [2] [3] active-matrix electric papers, active-matrix liquid crystal displays (AMLCDs), 4, 5) and active-matrix organic electroluminescent displays.
6) The performance of OTFTs has steadily improved in the last two decades as a result of the development of new organic semiconductors, the optimization of the deposition conditions and gate dielectric surface treatments. [7] [8] [9] [10] A number of organic semiconductors materials (both p-and n-types) have been prepared for OTFTs. Pentacene, oligothiophene and poly(3-hexylthiophene) are well-known ptype organic semiconductors in which holes are the majority carriers. n-Type OTFTs whose majority carriers are electrons, have been fabricated from C 60 , 11) copper hexadecafluorophthalocyanine (F 16 CuPc), 12) naphthalene tetracarboxylic diimide derivative 13) and perylene tetracarboxylic diimide derivative. 14) However, most high-performance OTFTs are of the p-type. Therefore, high-performance n-type organic materials are required, if we fabricate complimentary circuits 15, 16) and ambipolar transistors. 17, 18) Pentacene is a well-known p-type material and it has the highest field-effect mobility of the organic semiconductors reported to date. 19) The planar shape of pentacene facilitates crystal packing and the -system extends over pentacene molecules, enabling the intermolecular overlaps of the -system. Therefore, one expects n-type organic semiconductors to have similar framework and physical and electronic properties to pentacene. It has been reported that perfluorination of p-type organic materials is an effective way of producing n-type semiconductors 20, 21) because the introduction of highly electronegative fluorine atoms lowers the highest occupied molecular orbital (HOMO) levels and this enhances electron injection. In addition, fluorination does not greatly change the molecular structure because of the relatively small atomic size of fluorine. In a recent article, we synthesized and characterized perfluoropentacene in which all the hydrogen atoms of pentacene were replaced with fluorine. 22) This material was shown to possess a high electron field-effect mobility and was used for a complimentary inverter and an ambipolar transistor with pentacene.
In this study, we report on the fabrication and characterization of n-type OTFTs, ambipolar OTFTs and inverter circuits based on perfluoropentacene. Firstly, we characterize the crystallinity and morphology of perfluoropentacene thin films deposited at various substrate temperatures. Next, we fabricate and characterize OTFTs using the perfluoropentacene films and demonstrate that the OTFTs have an excellent performance, with an electron mobility comparable to the hole mobility of pentacene. Then, we demonstrate two different types of ambipolar OTFT with perfluoropentacene and pentacene. One has a heterostructure of p-and n-channel active layers and the other has a homogeneous active layer consisting of p-and n-type semiconductors. These devices work well as both p-and n-channel OTFTs. Finally, we demonstrate complementary inverter circuits with an nchannel perfluoropentacene OTFT and a p-channel pentacene OTFT. The inverter has excellent transfer characteristics with a high voltage gain. An inverter circuit composed of two ambipolar OTFTs is also demonstrated.
Experiment
Perfluoropentacene (see Fig. 1 ) was synthesized according to the procedure described in ref. 22 and purified by train sublimation. The device configuration of the OTFTs with perfluoropentacene was a top-contact structure, as shown in Fig. 2 . The gate was a heavily doped n-type Si wafer (<0:018 cm) with an aluminum back contact. The gate insulator was a 200-nm-thick layer of thermally grown SiO 2 .
followed by UV-ozone cleaning. We used a multi-vacuumchamber system that consists of evaporation chambers and a measuring chamber. A thin film of perfluoropentacene (35 nm) was deposited on the SiO 2 layer by vacuum evaporation at a deposition rate of 0.03-0.05 nm/s under a pressure of 5 Â 10 À5 Pa at different substrate temperatures. Gold source and drain electrodes were deposited on an organic semiconductor layer through a shadow mask with a channel width (W) of 1000 mm and lengths (L) of 75, 100 and 200 mm. OTFTs were transferred to the measuring chamber without exposure to air. The electrical characteristics of OTFTs were measured using an HP4140 sourcemeter system and the measurements were carried out at room temperature in vacuo. The perfluoropentacene thin films were characterized by X-ray diffraction (XRD) analysis using a JEOL 3530 X-ray diffractometer. XRD patterns were obtained using Bragg-Brenano geometry (-2) with Cu-K radiation as an X-ray source with an acceleration voltage of 40 kV and a beam current of 30 mA. The film morphology was observed by atomic force microscopy (AFM), using a Digital Instruments NanoScope III in the tapping mode. Figure 3 shows XRD patterns for perfluoropentacene thin films deposited at substrate temperatures (T sub ) of 25, 50 and 70 C. A primary diffraction peak at 2 ¼ 5:58 and higher order peaks up to the third were observed in the patterns. Thin films with a high degree of ordering and crystallinity were obtained at T sub ¼ 25 and 50 C. The peak intensity decreased with increasing T sub . The d-spacing calculated from the reflection peaks is 15.8
Results and Discussion

Structure of perfluoropentacene films
A. From X-ray crystallo- Cu K α : λ =1.54Å
X-ray intensity (arb. units)
T sub =25°C 2θ (deg) 24) The films basically consist of elongated lamellar grains at T sub ¼ 25 and 50
C. The terraces observed in the AFM images cannot simply represent the packing of single layers of molecules because their heights (19) (20) A) are much larger than the d-spacing obtained by XRD. As temperature increased, an increase in crystalline size was observed. An interesting feature is that the grain changed to a rod-like structure at 70 C. This topological change could explain the weak (001) diffraction observed in the XRD measurements.
Characteristics of OTFTs
The electrical characteristics of OTFTs were measured using two independent picoammeter/dc voltage sources. The measurement circuit is depicted in Fig. 2 . Figure 6 Fig. 6(b) . The OTFT shows a typical output profile of a metal-oxidesemiconductor field-effect transistor (MOSFET). When the gate is biased positively, the drain current is observed as shown in Fig. 6(a) . These results undoubtedly indicate that accumulated electrons flow from the source to the drain through the channel region. Thus the OTFT behaves in the n-type and accumulation mode. The current on/off ratio is obtained from the logðI d Þ vs V g curve and field-effect mobility is calculated from the slope of the I d 1=2 vs V g plot.
23) The n-channel TFT activity was observed in the devices fabricated at substrate temperatures between 25 to 60 C. The current on/off ratios are 10 4 -10 5 and field-effect mobilities are in the range from 0.043 to 0.049 cm 2 /(V s). The dependence of the field-effect mobility on T sub is shown in Fig. 7 . Mobility slightly increases with T sub and reaches a maximum value at 50
C. This behavior could be due to the increase in grain size. The drop in mobility at T sub higher than 50 C may be attributed to the change in crystalline structure. The performance of the OTFT can be improved by treating the gate insulator surface with octadecyltrichlorosilane (OTS), 25) although no significant change was observed in AFM images or XRD patterns. The highest mobility of 0.22 cm 2 /(V s) and the current on/off ratio of 10 5 were obtained for the device fabricated on an OTS-treated SiO 2 / Si substrate at T sub ¼ 50 C. For comparison, we fabricated a pentacene OTFT with the same device configuration on OTS-treated SiO 2 /Si at T sub ¼ 50 C. The hole mobility was 0.45 cm 2 /(V s) and the current on/off ratio is 10 6 . The electron mobility of perfluoropentacene is thus comparable to the hole mobility of pentacene. Figure 8 shows the I d vs V g characteristics of a perfluoropentacene TFT measured in vacuo, nitrogen atmosphere, and ambient. It is known that most n-channel materials are generally sensitive to air and moisture. Exposure of the OTFT to the ambient leads to a decrease in drain current in the on-region of two orders of magnitude. On the other hand, the device performance was nearly unaffected by exposure to nitrogen gas.
Ambipolar OTFTs
We fabricated two different types of ambipolar OTFT using perfluoropentacene and pentacene. The structures are shown in Fig. 9 . The heterostructure ambipolar OTFTs had stacked p-and n-channel active layers 17, 18) and heterogeneous-blend ambipolar OTFTs had a single active layer consisting of p-and n-type materials.
26) The heterostructure ambipolar OTFTs were fabricated by evaporating the first active layer of perfluoropentacene (10 nm) on an OTStreated SiO 2 /Si substrate at T sub ¼ 50 C, followed by a second active layer of pentacene (35 nm) at the same substrate temperature. Finally, gold source and drain contacts (50 nm) were deposited on the pentacene layer through a shadow mask (L ¼ 100 mm, W ¼ 1000 mm). Figure 10 plots the I d vs V g characteristics of the OTFT. The figure clearly shows that the OTFT turned on for both positive and negative gate voltages with rather narrow off regions at
When the gate was biased positively relative to the off region, an accumulation layer of electrons formed at the perfluoropentacene/SiO 2 interface and the device works as an n-channel OTFT. On the other hand, when the gate was biased negatively relative to the off region, an accumulation of holes formed within the pentacene layer adjacent to the perfluoropentacene layer and the device worked as a p-channel OTFT. The current on/off ratio was 10 2 -10 3 . The electron and hole mobilities were calculated to be 0. (V s), h ¼ 0:004 cm 2 /(V s)], 17) and pentacene and PTCDI-
18)
We also fabricated and examined OTFTs with an inversed active layer, where the first layer was pentacene and the second was perfluoropentacene. The device worked well as an ambipolar OTFT and its field-effect mobilities for electrons and holes were 0.022 and 0.52 cm 2 /(V s), respectively.
The heterogeneous-blend ambipolar OTFTs were fabricated by evaporating perfluoropentacene and pentacene simultaneously on an OTS-treated SiO 2 /Si substrate at T sub ¼ 50 C. The thickness of the active layer was 50 nm and the content ratio of perfluoropentacene to pentacene was approximately 45 : 50 in weight. The I d vs V g characteristics of the OTFT are shown in Fig. 11 . The device worked as an ambipolar OTFT at V d ¼ À40 and 40 V. The mobilities were, however, less than 10 À4 cm 2 /(V s) for both p-and n-channels.
Complementary inverters
A p-channel pentacene OTFT (L ¼ 200 mm, W ¼ 1000 mm) and an n-channel perfluoropentacene OTFT (L ¼ 100 mm, W ¼ 1000 mm) were fabricated on the same OTStreated SiO 2 /Si substrate using a shadow mask. These OTFTs were electrically connected to form an inverter circuit (see inset in Fig. 12 ). The transfer characteristics of the inverter with a supply voltage (V dd ) of 100 V are shown in Fig. 12 . At a small input voltage (V in ), the p-channel OTFT was on and the n-channel OTFT was off. Therefore the output voltage (V out ) was high (almost equal to V dd ). As the V in increased to approximately 60 V the p-channel OTFT turned off and the n-channel OTFT turned on. As a result, V out changed to a low level (almost equal to zero). The threshold voltage (V T ) of the inverter is given by
where V Tp and V Tn are the threshold voltages of the p-and n-channel OTFTs, respectively. R is the ratio of the of the n-channel OTFT to that of the p-channel OTFT. C i is the insulator capacitance. The calculated V T of 65 V was in good agreement with the experimental turn-on and turn-off voltages. The inverter exhibited a high voltage gain (45) and a good noise margin. Since ambipolar OTFTs can work in both the p-and n-channel modes, it is possible to compose complementary circuits with them. 27) We fabricated an inverter circuit using two heterostructure ambipolar OTFTs with perfluoropentacene and pentacene. The transfer characteristics of the inverter with V dd ¼ AE100 V are shown in Fig. 13 . The structures of the ambipolar OTFT and the inverter circuit configuration are depicted in the insets of Fig. 13 . The inverter gave a voltage gain of 8 with V dd ¼ 100 V and 7 with V dd ¼ À100 V. However, the output voltage (V out ) was approximately AE60 V when the input voltage (V in ) was under the threshold voltage (V T ) and V out was AE40 V when V in was over V T . This is attributed to the relatively low on/ off conductance ratio for the ambipolar OTFTs. The performance of the device will be improved by optimizing the fabrication conditions of the p-n heterostructure, since the complementary circuit with separated perfluoropentacene and pentacene OTFTs has excellent characteristics.
Conclusions
We have reported on n-channel OTFTs with a high electron mobility based on perfluoropentacene which has a similar molecular shape and size to conventional p-type pentacene. The OTFT exhibited a high electron mobility of 0.22 cm 2 /(V s) and a current on/off ratio of 10 5 . Using the perfluoropentacene and pentacene, we have demonstrated high-performance ambipolar OTFTs with electron and hole mobilities of 0.042 and 0.041 cm 2 /(V s). We also demonstrated complementary inverters using the ambipolar OTFTs. Since an ambipolar transistor can work as both an n-and p-channel transistor, we can fabricate large-scale complementary circuits very simply. In addition, lightemitting organic transistors can be fabricated with ambipolar OTFTs.
28) The combination of perfluoropentacene and pentacene will be attractive for these applications. 
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